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EPR study of fine and hyperfine interactions of Gd31 in Bi2„12x…Gd2xSe3 and Pb12xGdxSe
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Electron paramagnetic resonance experiments were performed on Bi2(12x)Gd2xSe3 and Pb12xGdxSe
samples at room and liquid-helium temperatures. The Gd31 sites are characterized by hexagonal and octahedral
symmetries in Bi2(12x)Gd2xSe3 and Pb12xGdxSe samples, respectively. The absolute signs of the spin-
Hamiltonian parameters in Bi2(12x)Gd2xSe3 were determined by comparing the intensities of the lines at room
and liquid-helium temperatures:b2

0,0, b4
0.0, andb6

0,0. Theub2
0u value in Bi2(12x)Gd2xSe3 increased non-

linearly with decreasing temperature, becoming constant below 40 K. At the low temperature of 2.2 K, four
hyperfine transitions due to the155Gd isotope (I53/2) were observed in Pb12xGdxSe, leading to the average
value of the hyperfine-coupling constant of 2.5560.10 mT for the two155Gd and157Gd processing nonzero
nuclear magnetic moments.@S0163-1829~97!08109-5#
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I. INTRODUCTION

Many researches involving electron paramagnetic re
nance~EPR! and magnetic properties on diluted magne
semiconductors have been reported in the literature.1–5 Re-
cently, some of us published studies on magnetic prope
of Bi2(12x)Ge2xTe3 (x50.01).6,7 It was found that the mag
netizations at 4.2 and 1.8 K fit very well with contribution
both from isolated Gd31 ions and their pairs. The exchang
interaction between the Gd31 ions was determined to be an
tiferromagnetic, with the valueJP /kB520.5 K.

Bi2Te3 and Bi2Se3 single crystals are semiconductor
characterized by small indirect gapsEg5150 and 160 meV
for Bi2Te3 and Bi2Se3, respectively.

8 Both these materials
possess rhombohedral structure (R3̄m).7,8 The characteristic
cleavage planes result due to the shorter interlayer b
lengths between the Se atoms. The layers alternate in
following sequence of planes perpendicular to a threef
axis: Se~1!-Bi-Se~2!-Bi-Se~1!. As for PbSe, it is a IV-VI semi-
conductor, characterized by a small gapEg5300 meV at
room temperature.9–11

Recently, magnetization measurements on rare-earth-
doped PbSe~Eu21,Gd31! samples were reported.2,12,13In this
material, the first-nearest-neighbor exchange interactio
the dominant one. The exchange interactions among the
earth ions in IV-VI semiconductors are much smaller
comparison to those characterizing II-VI semiconductors
recent low-temperature magnetization measurement on t
samples of Pb12xEuxSe (x51.3%, 3.0%, and 4.1%! re-
vealed the existence of an antiferromagnetic exchange
stantJ1 /kB520.2460.02 K between the Eu21 ions.2 Mag-
550163-1829/97/55~13!/8075~4!/$10.00
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netization steps due to single-ion anisotropy of the Eu21 ion
in PbSe confirmed the positive absolute sign ofb4

0. In addi-
tion, the value ofb4

0 so estimated was found to be in goo
agreement with that estimated by EPR.1 The first EPR stud-
ies on Pb12xGdxSe were performed by Bacskayet al.14 at
room temperature. In this paper, room- and liquid-heliu
temperature EPR measurements on the Gd31 ion incorpo-
rated in Bi2Se3 and PbSe samples are presented.

II. SAMPLE PREPARATION
AND EXPERIMENTAL ARRANGEMENT

Bi2(12x)Gd2xTe3 and Pb12xGdxSe samples were prepare
by the well-known Bridgman technique. Mixtures of cons
tuting elements, each of 99.999% purity, were used in
sealed evacuated quartz ampoule at a constant temperatu
850 °C for 72 h. The Bridgman apparatus was characteri
by a temperature gradient of about 20 °C/cm. The unit-c
parameters were determined by x-ray diffraction for hexa
nal Bi2Se3 to be a54.14 Å andc528.7 Å, and, for cubic
PbSe,a56.12 Å. The microprobe analysis revealed the co
centration (x) of Gd31 ions to be 0.12% and 1.04% i
Bi2(12x)Gd2xTe3 and Pb12xGdxSe, respectively. A Bruker
spectrometer~9.58 GHz! equipped with an Oxford helium
gas-flow cryostat to attain liquid-helium temperatures an
Varian spectrometer~9.14 GHz! equipped with a commercia
~Andonian! helium-immersion cryostat, wherein the tem
perature 2.2 K was obtained by pumping on liquid heliu
were used for EPR measurements. The Bi2(12x)Gd2xSe3
sample, with approximate dimensions 0.53234 mm3, was
placed in an evacuated, sealed quartz tube.
8075 © 1997 The American Physical Society
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III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Gd31 in Bi2Se3

1. Spin Hamiltonian and line positions

The Gd31 spin Hamiltonian appropriate to the hexagon
site symmetry in Bi2Se3 and assuming an isotropicg matrix,
since the departures from isotropic symmetry are sma
given, in the usual notation by15–18

H5gmBB–S1 1
3b2

0O2
01 1

60 ~b4
0O4

01b4
3O4

3!1 1
1260~b6

0O6
0

1b6
3O6

31b6
6O6

6!. ~1!

The positions of the lines to second order in perturbation
B parallel to the hexagonal axis are given in Refs. 15–1

2. EPR spectra

The EPR spectrum of Bi2(12x)Gd2xSe3 was recorded a
various temperatures forBic axis. Figure 1 shows the EPR
spectra at 300 and 4.2 K, exhibiting seven allowed tran
tions corresponding toDM561. The peak-to-peak averag
width of the first-derivative line shape at room temperat
was about 60 G, decreasing to 40 G at 4.2 K. The line sha

FIG. 1. X-band~9.57 GHz! EPR spectra of Bi2(12x)Gd2xSe3 at
300 and 4.2 K, the external magnetic field being parallel to thc
axis. The difference in the overall splittings at the two temperatu
can be clearly seen.
l
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of the observed transitions were Dysonian due to the s
effect caused by the high conductivity of the material.16,18

Electrical-transport measurements at room temperature
vealed that the sample was an-type superconductor with
carrier concentrationn52.131019 and resistivity r54.8
31024 V cm. The observed increase in the intensities of t
lines at 4.2 K at low fields compared to those at high fiel
relative to the intensities at 300 K yielded the absolute sig
b2
0,0, b4

0.0, andb6
0,0.15 As a result of the rather large

linewidth ~4 mT! which masked this variation, it was very
difficult to estimate the values of the parametersb6

3 andb6
6,

which are responsible for expected small variation of lin
position forB'c axis with good accuracy. The values of a
parameters, except forb6

3 and b6
6, as estimated from line

positions at 300 and 4.2 K are listed in Table I. In Fig. 2 a
exhibited the EPR line positions in Bi2(12x)Gd2xSe3 at vari-
ous orientations ofB. Figure 3 shows a plot of the values o
the spin-Hamiltonian parametersb2

0, b4
0, andb6

0 as functions
of temperature, similar to that observed in KZnF3 and
PbGdTe.19,20 The temperature variations ofbm

0 , m52,4,6,
were fitted theoretically to the following nonlinear expre
sion in temperature:21

bm
0 ~T!5bm

0 ~0!@12CTn#. ~2!

s

FIG. 2. Angular variation of the positions of the allowed Gd31

fine-structure EPR lines (DM561) at 300 K in Bi2(12x)Gd2xSe,
the external magnetic-field orientation being parallel to thec axis
~u50°!. Discrete symbols exhibit experimental data, while the so
lines represent calculated line positions.
TABLE I. Fine-structure spin-Hamiltonian parameters for Gd31 in Bi2(12x)Gd2xSe3 single crystal at 300 and 4.2 K. HereD represents the
overall splitting in zero magnetic fieldD512b2

022b4
016b6

0.

T ~K! g b2
0 ~GHz! b4

0 ~GHz! b4
3 ~GHz! b6

0 ~GHz! D ~GHz!

300 2.00160.005 20.29360.004 0.005260.0004 0.003360.0001 20.006660.0004 23.5760.049
4.2 1.9986 0.005 20.3496 0.01 0.0116 0.0002 0.00316 0.0002 20.0156 0.0002 24.356 0.12
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Herebm
0 (0) andbm

0 (T) are the values of the parameterbm
0 at

0 K and T, respectively, withbm
0 (0) assumed to have th

same value as that at 4.2 K. The@C,n# are @1.5,1.64#,
@5.0,1.65#, and@4.6,1.69#, respectively, forb2

0, b4
0, andb6

0.
The coefficienta that represents the admixture betwe

the 8S7/2 and
6P7/2 states has been estimated as 0.12 from

g value as follows:15,20

g5~12ga2!gS1a2gP , ~3!

with gS52.0023 andgP51.716 being the Lande´ factor for
the 8S7/2 and

6P7/2 states, respectively, andg51.998 as es-
timated presently at 4.2 K.

B. Gd31 in PbSe

1. Spin Hamiltonian

The 8S7/2 state of the gadolinium ion splits in the octah
dral site symmetry of PbSe into two doubletsG6 andG7 and
one quadrupletG8, which lies between the two doublets. Th
G6 state belongs to the lowest energy leading to a posi
sign of the spin-Hamiltonian parameterb4

0.1,15The Gd31 spin
Hamiltonian in cubic site symmetry is, in the usual notati
and including the hyperfine interaction15–17

H5gmBB–S1 1
60b4~O4

015O4
4!1 1

1260b6~O6
0221O6

4!

1AI–S. ~4!

2. EPR spectra

No EPR spectra could be observed at 300 K due to
skin effect, which eliminates the signal entirely. Figure 4~a!
shows the EPR spectra of Gd31 in Pb12xGdxSe at 4.2 K,

FIG. 3. The spin-Hamiltonian parametersb2
0, b4

0, andb6
0 plotted

as functions of temperature for Gd31 in Bi2Se3. Discrete symbols
exhibit data, while the solid lines are those calculated by use of
~2!.
e

e

e

while Fig. 4~b! shows the transitions between the ener
levels corresponding to the EPR lines in Fig. 4~a!.

At low temperatures, the central transition splits into fo
hyperfine transitions corresponding to (2I11) components
of the nuclear magnetic moment of the155Gd isotope. The
gadolinium ion has two isotopes155Gd and157Gd, with non-
zero nuclear magnetic moments 0.32~abundance 14.8%! and
0.24 ~abundance 15.6%!, respectively, each characterized b

q.

FIG. 4. ~a! Plots of the Gd31 EPR spectrum at 4.2 K in a singl
crystal of Pb12xGdxSe (x;0.01) and~b! the energy levels as cal
culated by a numerical diagonalization of the spin-Hamiltonian m
trix as functions of the intensity of the external magnetic fie
whose orientation is parallel to the@100# direction.

FIG. 5. Gd31 EPR spectrum in Pb12xGdxSe powder at 2.2 K.
The central11/2↔21/2 transition for the155Gd and 157Gd iso-
topes ~for each isotopeI53/2) splits clearly into four hyperfine
transitions. However, the lines corresponding to the two isoto
cannot be distinguished from each other due to the rather la
linewidths.
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the nuclear spinI53/2. The hyperfine~HF! interaction con-
stant parameterA can be estimated from the HF splitting o
the fine-structure central line (M511/2↔21/2):
(m523/2, 21/2, 11/2, 13/2; m is the nuclear magnetic
quantum number!. From Fig. 5, displaying theX band~9.14
GHz! spectrum at 2.2 K, the hyperfine-coupling constanA
was estimated to be 2.5560.1 mT, the average of the H
constants for the isotopes155Gd and157Gd, due to the non-
resolution of the corresponding HF lines. The values of
fine-structure spin-Hamiltonian parameters as estimated f
EPR line positions areg51.99060.005, b45192.062
MHz, andb6521.062 MHz at 4.2 K, the value of the ad
mixture parametera being 0.12 at 4.2 K as estimated by th
use of Eq.~3!.

IV. CONCLUDING REMARKS

From the present EPR measurements, it can be conclu
that the Gd31 ion substitutes at sites of hexagonal and oc
3

.

.

e
m

ed
-

hedral symmetries in Bi2Se3 and PbSe, respectively. Th
spin-Hamiltonian parameters in Bi2Se3 were found to be
temperature dependent; theub2

0u value increased nonlinearl
with decreasing temperature, attaining a constant value
low 40 K. The EPR line shapes were Dysonian due to
high conductivity of the materials. The Gd31 EPR spectrum,
exhibiting hyperfine structures due to155Gd and 157Gd iso-
topes, was observed in PbSe only at 2.2 K.
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